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Introduction

The National Ignition Facility (NIF) laser pulse is
born in the Master Oscillator Room (MOR) at very low
energy (up to 1-nJ output). The energy increases as the
laser pulse passes through the regenerative amplifier
(up to 10-m]J output) and the 4-pass amplifier (up to
22-] output). Finally, in the full-aperture optics, up to
10 k] of 351-nm light is reached on target.

To achieve ignition, the laser energy on target must be
in the form of specifically tailored, high-fidelity temporal
shape with a precise frequency spectrum. The optical
pulse generation (OPG) system, or front end of the NIF
laser system, consists of the MOR and the preamplifier
modules (PAMs). The MOR produces the initial laser
pulse in a Q-switched, single-mode, fiber, ring-laser oscil-
lator. This laser pulse, which is reproduced 960 times per
second, is shaped, modulated, amplified, and multi-
plexed to feed pulses to the 48 individual PAMs using
fiber and integrated optical components.

The first laser system in a NIF beamline is the PAM.
The input to the PAM is a 1-n] shaped pulse that is deliv-
ered via single-mode, polarization-preserving fiber. The
output is a 22-J pulse that is spatially shaped to meet the
requirements of the main laser amplifiers. Figure 1is a
block diagram of a PAM showing its five component
subsystems, namely, fiber injection, diode-pumped

regenerative amplifier, spatial beam shaping, smoothing
by spectral dispersion (SSD), and the 4-pass amplifier.
The five subsystems are housed in a modular, I-beam-
supported structure that is about 4.3 x 1.0 X 0.7 m in size
and contains all of the power, control, and diagnostic
systems to make each PAM a complete system.

The PAMs produce the largest optical gain of the
entire NIF laser system, boosting 1-nJ pulses from the
MOR to 22 J. The performance specifications for the
PAM and its component laser systems were deter-
mined as a flowdown from the output performance
specifications of the overall NIF laser system, which
are based on target requirements for ignition.!? These
specifications, listed in Table 1, include performance
descriptions for both the regenerative and 4-pass
amplifiers that are derived from the overall require-
ments of a PAM. We are allowed some flexibility to
adjust the internal PAM parameters to produce the
optimum design.

This article describes the current baseline diode-
pumped regenerative amplifier and the results of a
comprehensive series of measurements of its perfor-
mance. In conjunction with these measurements, we
have developed models allowing us to evaluate
improvements to the baseline that will provide an
additional margin to increase the performance of the
entire preamplifier system.

1-n] input Fiber-injection Regenerative Beam-shaping Smoothing by 4-pass 22-J ouput
optics amplifier optics spectral dispersion amplifier ~f——»
T =0.80 G=2x107 T=0.20 (SSD) optics G=2x10%
T=05

FIGURE 1. Block diagram showing the major subsystems within the NIF preamplifier modules (PAMs). G is gain; T is transmission loss.
(70-00-0298-0159pb01)
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TABLE 1. PAM output specifications based on flowdown from
the NIF laser system and target requirements.

Parameter Value
1.  Minimum PAM shaped energy 14.5]
2. Design energy* 22]
3.  Peak power* 8.8 GW
4. 4-pass amplifier injection energy 1.0mJ
5. Regenerative amplifier output energy 10 mJ
6.  Pulse duration 21 ns
7. Square-pulse distortion (regen) 12
8.  Square-pulse distortion (4-pass amplifier) 2.3
9.  Temporal contrast at PAM input 275:1
10. Temporal contrast at PAM output 100:1
11.  Spatial profile 221
12.  Prepulse contrast 10°-10°
13. Near-field spatial contrast <5%
14. RMS energy fluctuation <0.03

*Energy and power in a flat-top beam with a 90% fill factor

Description of the Regenerative
Amplifier

In large, complex, solid-state laser systems, a regen-
erative amplifier (or regen) is often used to boost the
output energy of the laser oscillator to a level that is
suitable for injection into the larger power amplifiers.
In this way, a regen is analgous to a high-fidelity
preamplifier used in conventional radio frequency (rf)
systems, such as stereos. A laser regen is an optical
cavity with gain into which a low-energy laser pulse is
injected, amplified by several orders of magnitude,
then switched out of the cavity. For example, if the net
gain per round trip in the cavity G, is 3.0, and the
pulse is allowed to circulate for k = 15 round trips, then
the total unsaturated gain of the regen is
Giotal = (Gpef = 3.0)1° = 1.4 x 107 (1)

The total gain is ultimately limited by the amount
of stored energy that can be extracted from the
amplifier. If a substantial amount of the stored
energy in the amplifier is removed, then G, drops
below 1.0 (G, is the product of the gain in the
amplifier G and the transmission losses in a single

round trip T, such that G, = GT), and G, ,;
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decreases as a function of round trip because the
amplifier gain is saturated.

The MOR generates pulses up to 21 ns long with a
particular temporal shape determined by the target
requirements. This specially shaped pulse must be
amplified with a high degree of fidelity to ensure that
the desired shape is preserved to the end of the laser
chain. Based on its method of operation, the regen cav-
ity must be long enough to contain an entire 21-ns
pulse without a temporal overlap between the begin-
ning and end of the pulse. Two types of regen cavities
are found in the Laser Programs: space ring cavities>*
and linear cavities.® Each type has certain advantages
over the other.

In a ring cavity, the pulse circulates in one direc-
tion in a closed path. The perimeter of the ring must
be longer than the pulse length; that is, perimeter
>C(Tpyise + Towiten), where ¢ is the speed of light.
Some additional length, cT 4, provides time for a
Pockels cell to switch the polarization of the light
pulse and trap it in the cavity. This additional switch-
ing time is 3-5 ns, depending on the rise time of the
Pockels cell. The linear cavity can be approximately
half as long as the perimeter of the ring cavity
because the pulse can partially overlap itself in the
cavity as long as the front and tail ends of the pulse
do not overlap in the Pockels cell during switching.

Figure 2 shows the current prototype regen. The
cavity is a folded linear design with a diode-pumped
rod amplifier at either end. A pulse propagating in the
cavity double-passes through each rod amplifier. A rod
amplifier has a single-pass gain of 1.5; thus the gain
per round trip is (1.5)*T, where T is the round trip
transmission of the cavity. A 2.0-m focal length lens in
the center gives the cavity a stability value of g% = 0.02,
and an adjustable iris is used to limit the spatial modes
to one. In the current design, the cavity has a round
trip time of 30 ns, allowing us to cleanly switch a pulse
as long as 24 ns into and out of the cavity.®
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FIGURE 2. Baseline regenerative amplifier with optics for seeding
the cavity from a single-mode fiber. ~ (70-00-0298-0160pb01)
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The seed pulse from the MOR is introduced into the
cavity by reflection from a thin-film polarizer. A two-
lens telescope, which is part of the optics for seeding
the regen, is designed to match the output mode from
the fiber to the eigenmode of the cavity. In the first cav-
ity round trip [Figure 3(a)], both Pockels cells are off,
and the s-polarized pulse is converted to p polariza-
tion upon double passing a quarter-wave plate. After
the tail of the pulse passes [Figure 3(b)], the Q-switch
Pockels cell fires, trapping the p-polarized pulse in the
cavity. The quarter-wave plate and Pockels cell pro-
duce equal retardation, so the pulse is trapped in the
cavity for the desired number of round trips, where-
upon the cavity-dump Pockels cell fires, and the
amplified pulse is ejected [Figure 3(c)].
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FIGURE 3. Polarization states in the regenerative amplifier.

(a) When injecting the seed, both polarizers are off. (b) When
Q-switching or trapping the pulse in the cavity, the Q-switch Pockels
cell is on. (c) During switchout of the amplified pulse, the cavity-
dump Pockels cell is turned on. Gray arrows represent s-polariza-
tion; black arrows represent p-polarization.  (70-00-0298-0161pb01)

248

Diode-Pumped Rod Amplifiers

The diode-pumped rod amplifiers used in the regen
are similar in design to several others developed by
LLNL's Solid-State Laser Group and are described in
detail in several publications.®” Figure 4 shows a pic-
ture of the head with labels for each of the key compo-
nents. In the currently operating regen, the pump light
in each head is produced by a diode array, consisting
of forty-eight 100-W diode bars stacked in an array
with 1-mm spacing between bars. Spectra Diode Labs
(SDL) makes the diode bars. The laser light from each
bar is conditioned by a cylindrical microlens to pro-
duce a far-field cone with angular dimensions of 80 x
240 mrad. The diode light is collected by a tapered lens
duct that funnels the pump light into the end of the
amplifier rod. The rod is 5 mm in diameter by 50 mm
long and made of Nd-doped phosphate glass (LG760
or APG1). The end of the rod adjacent to the lens duct
is coated to efficiently pass the pump light but reflect
the 1053-nm wavelength light. This surface is the back
mirror of the regen cavity. The Nd doping of the rod is
specified to provide a single-pass absorptivity of 1.5 at
the absorption peak near 800 nm. The diode array, lens
duct, and rod are packaged as shown in the Figure 4.
The rod is mounted with a surrounding plenum that
allows for dry nitrogen cooling to reduce temperature
gradients. Nitrogen exhausted from the rod plenum
flows over a fin-shaped structure that thermally con-
tacts the diode array and provides some cooling to the
diodes themselves.

Lens duct

Diode array

FIGURE 4. A 48-bar diode array with microlenses end pumps a
5- x 50-mm rod. The lens duct focuses light from the array into
the rod. (70-00-0298-0162pb01)
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Performance Measurements

Diode Pumping

The diode arrays were initially characterized before
being assembled into the diode-pumped rod amplifier
packages. Light energy out of the diodes, after the
microlensing and at the output of the lens duct, was
measured as a function of diode-driver current using
an integrating sphere. Figure 5 shows the results of
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FIGURE 5. Measured optical power from one of the two diode
arrays in the regen amplifier heads.  (70-00-0298-0163pb01)

measurements for one of the two diode heads used in
the current regen. The data show that the array has a
slope of 59.2 W/A; at 100 A of current, the optical
pump power at the input to the laser rod is 3.6 kW. The
efficiency for collecting and transporting diode-pump
light to the end of the rod is 86%. For a 350-ps-long
square pulse, the optical pump energy at the rods is
1.12 and 1.26 J for head one and two, respectively.

As part of the initial characterization of the diode
arrays, we measured their output spectrum using a
quarter-meter spectrometer with a camera at the out-
put. Figure 6 shows the output emission spectrum
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FIGURE 6. Normalized emission spectrum from diode head num-
ber 1 (DH1) (gray curve) and LG760 absorptivity (black curve).
(70-00-0298-0164pb01)

from the diodes along with the absorption spectrum of
the laser glass, LG760. Each diode package for a rod
amplifier consists of two arrays that are mounted side-
by-side on a single heat sink. The single Gaussian-
shaped emission indicates that the separate arrays
closely overlap in wavelength.

From the data on diode emission and glass absorp-
tion, we can determine the absorption efficiency of
diode pumping. We define a diode-emission spectral
power density py;,40.(A) such that the output power of
the diode array is

P diode ~ I_ o Pdiode (A)dx . )
The transmission of the Nd-doped glass is given by
T(A) = exp[-a(A)2d], )

where a(]) is the absorptivity per unit length of laser
medium, and 4 is the rod length. Figure 7 shows the
normalized diode-emission power density pg;,g40(A)
and glass transmission T(A) as well as the fraction of
the diode emission that is absorbed and transmitted
after two passes through the rod. The ratio of power
absorbed to diode power emitted gives the absorption
efficiency N, as follows
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I:, Pdiode (A) eXp[—a()\)zd]d)\

J-_m Pdiode ()\)d)\

Nabs = 1- (4)

For the data shown in Figure 7, the absorption effi-
ciency is 90%. This value could be increased by shifting
the wavelength of the diodes to better overlap the peak
of the absorption curve, or by increasing Nd>* doping
to provide increased absorption.
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FIGURE 7. Normalized emission at rod input, output emission after
double passing through rod, amount absorbed, and transmission
function of LG760 glass.  (70-00-0298-0165pb01)

An important step toward understanding the ener-
getics of the regen is to characterize the gain in the
diode-pumped rod amplifiers. We measured double-
pass gain through the rod amplifier using a small
probe laser, as shown in Figure 8. (Recall that the rod
amplifier is end pumped, so there is only access at one
end of the rod for measurements.) We can vary the
arrangement shown Figure 8 to probe either a small
volume in the center of the rod or to measure gain over
the entire rod diameter. For probing a small volume in
the center of the rod, we use photodiodes as reference
and signal detectors. The double-pass gain is the ratio
of the detector signals:
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G?(Mt) = Sy oM/ S, - (5)

Sig(

The square-root of the detector signal ratio yields

the single-pass gain. The wavelength A and time-
dependence are important to note. We used a narrow-
band, Nd-doped yttrium lithium fluoride (Nd:YLF)
probe laser whose wavelength is centered on the regen
gain spectrum; alternatively, we can use the MOR pulse
to probe the regen gain. We measured the gain at the end
of the 350-ps pump pulse where it is at a maximum value
and, consequently, when we Q-switch the regen.

Field stop
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Beamsplitter 0.75:1 Afocal

relay telescope

Diode head

Fiber launch
Q-switched Nd:YLF
probe pulse
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maintaining
fiber optic cable

Expansion/
collimating
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FIGURE 8. Optical layout for measuring spatial gain profiles.
(70-00-0298-0166pb01)

Figure 9(a) shows the measured, single-pass gain G,
as a function of diode-driver current using the YLF
laser as a probe. In Figure 9(b), we converted the gain
data to stored energy using the relation E, .4 =
AJ,dn(G) and plotted stored energy vs diode current,
as shown. The solid line plotted with the data repre-
sents a simple model for stored energy vs diode pump

power

Es’cored i (6)

B /T 4
NextNdelNabs QD (1_ er 0) To

pump ~

where N, N4, and N, are the efficiencies for pro-
ducing diode emission, delivering the emission to the
rod, and absorbing the energy into the upper laser level
of the glass, respectively; QD is the quantum defect of
the upper laser transition; T, is the pump period; and 1,
is the spontaneous emission lifetime of the upper laser
level. Values for the constants in Eq. (6) are:
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Ngel = 075

Next = 0-83
Naps = 0.90
QD =0.76

Ty =320 ps and
= 350 ps.

The data depart from the model at about 80-A diode
current, or G = 1.48 to 1.50. Several different explanations
could account for the rolloff in gain. For example, the
diode-emission frequency could be changing frequencies
(chirping) away from the absorption line center of the
glass at the end of the current pulse. If the amount of
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FIGURE 9. (a) Gain per pass and (b) stored energy for diode-
pumped rod amplifiers with LG760 glass. The solid line is the model
prediction.  (70-00-0298-0167pb01)
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chirp increases with increasing diode current, then the
absorption efficiency n . would decrease, causing the
stored energy described by Eq. (6) to roll over, as shown
in Figure 9(b). Another contributor could be amplified
spontaneous emission that is quenching the stored
energy in the upper laser level, causing the gain to roll
over with increasing current as shown. The amplifier
rods have highly polished barrels to permit total internal
reflection (TIR) of pump light and help homogenize the
spatial gain distribution. Unfortunately, the polished
sides can also support long-pathlength propagation at
the laser wavelength, such as whisper modes, that effec-
tively clamp the gain and reduce pump efficiency.

Regen Gain and Loss Measurements

As part of our comprehensive characterization of
the laser system, we made a series of careful measure-
ments of gain, loss, output energy, and power from our
baseline regen. In conjunction with these measure-
ments, we developed a model that accurately repro-
duces the measured results and that can now be used
to help optimize the current design.

Figure 10 shows the layout of the regen with its
seeding optics and several diagnostics used in the
measurements. We recorded the temporal pulse shapes
at the input and output to the regen, and by looking at
the pulse buildup in the cavity immediately before the
output thin-film polarizer. We measured the output
energy from the regen with Molectron calorimeters
(the choice of calorimeter depends on the energy range
being measured). The measured energy value at the
calorimeter is divided by the value of the measured
optical transmission between the output of the regen
and the location of the calorimeter to give a value that
is equivalent to the regen output energy. For a single
regen shot, we recorded the three photodetector sig-
nals and the calorimeter reading. We converted the
temporal signals S(t) from the output and cavity
buildup detectors to power P(t) vs time by dividing
the integrated detector signal by the measured energy
E, according to

P(t) =

The input calorimeter was calibrated separately by
placing a J3S calorimeter head directly after the input
thin-film polarizer. We then compared the integrated
temporal signal from the input photodetector to the
calorimeter value to obtain a calibration factor to convert
the temporal signal to power. In this way, we can record
on any shot the power at the regen input and output, and
the power buildup inside the cavity for each pass.
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FIGURE 10. Setup for measur-
ing regen energetics.

B

Diagnostics include fast photo-
diodes at the input and output,
and looking in the cavity for
measuring temporal pulse
shapes; cameras to measure the
mode size; a small monochro-
mator for measuring spectra;
and input (not shown) and out-
put calorimeters for measuring
energy. (70-00-0298-0168pb01)
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In addition to the power and energy from the regen,
we measured the spectral overlap between the seed
from the MOR and the gain spectrum of the regen. We
also measured and recorded the spatial extent of the
laser mode on each rod by imaging the mode at the
rod input onto a calibrated charged-coupled device
(CCD) camera that is part of a Big Sky beam-profiling
system. The spatial information allows us to convert
the measured power and energy for each round trip
into irradiance I(r,t) in the gain medium according to

P(t)R(r)o(e)
['R(r)@(e)rdrde

P(t)R(r)

(8)
2T[[R(r)rdr

I(r,6,t)=
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where R(r) is the radial dependence, and the azimuthal
dependence ©(0) is assumed to be constant for a
TEM,, mode.

To complete our suite of energetics measurements
for the regen, we measured the cold transmission of the
laser pulse for one round trip in the cavity. We made
this measurement using three different techniques that
yield similar answers. The easiest way to measure cav-
ity transmission is to measure the relative intensity of a
continuous wave (cw) beam that is sent into the cavity
through the same seed optics so that it is mode-
matched to the cavity. We used this technique as a diag-
nostic to look for problems, such as bad coatings,
clipping in the cavity, or stress-induced birefringence.

UCRL-LR-105821-97-4
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The second technique for measuring cavity transmis-
sion is to switch in a seed pulse with the rod amplifiers
turned off, switch it out after successive numbers of
round trips, and measure the “ringdown” or attenua-
tion of the pulse per round trip. The ringdown tech-
nique, which is dynamic and includes switching losses
from the Pockels cells, indicates seeding of multiple
roundtrips, which is undesirable. Figure 11 shows the
data for a ringdown measurement as well as the value
for the static transmission measured with a cw beam.
The third technique is to measure the output of the
regen after the first few round trips with the amplifiers
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FIGURE 11. Cold-cavity ringdown measurement of regenerative
amplifier round-trip transmission.  (70-00-0298-0169pb01)

on. We repeated the measurement for different values
of pump-diode current, and measured a net gain per
round trip, as shown in Figure 12. Using the values of
gain per pass measured for the rod amplifiers (see
Figure 9), we obtained a value of round-trip transmis-
sion that includes any additional losses from the ener-
gized rod amplifiers, where T = G, .,/ (G12G22). These
three different techniques for measuring the round-trip
cavity transmission in the current design yield values
that range between T = 0.59-0.65. We are working on
alternative cavity designs that will increase the value
of cavity transmission by eliminating one Pockels cell
and thin-film polarizer (TFP) and using the remaining
TFP in reflection rather than transmission.
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FIGURE 12. Small signal gain in the regen for different values of
pump-diode current.  (70-00-0298-0170pb01)
Saturated Gain Measurements
Description of the 2-D Model
We developed a time-dependent model to
describe the gain G(t) and circulating irradiance
I(t) in the regen. The current version is based on
the time-dependent equation for gain®
1
Glr,t) = ’ ©9)
1) 0 1 0 OU(ryo
1-0d- G oexp O
0 G(ron "0 Ja O

where ], is the saturation fluence of the laser transi-
tion, G(r,0) is the initial gain as a function of radius in
the rod, and

u(r, ) = I; I1(r, #')dt" (10)
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The radial dependence of the cavity eigenmode is
included to more accurately describe spatial saturation
in the amplifier rod. If the mode is treated as an equiv-
alent flat top with equal energy and peak irradiance,
then the model predicts a much faster falloff of energy
after full saturation. In the two-dimensional (2-D)
model, we use the measured Gaussian cavity mode,
providing a radial dependence to the gain saturation.
However, because the regen is a seeded oscillator with
a single-cavity spatial eigenmode, we renormalize the
spatial dependence of the irradiance to this mode after
each round trip.

The current regen has end-pumped, diode-pumped
rod amplifiers at either end of the cavity; consequently,
the laser pulse folds back on itself temporally in the
gain medium. As a result of the pulse overlap, the
trailing portion of the pulse is more strongly saturated
than in the case of no overlap, as in a ring cavity, and
square-pulse distortion (SPD) will be more severe.

The modeling and data analysis were both per-
formed using a software package called IGOR devel-
oped by WaveMetrics, Inc., Lake Oswego, Oregon.
The model inputs describing the regen energetics
include the input pulse (power vs time), gain in each
amplifier, mode size in each rod, round-trip cavity
transmission, saturation fluence of the laser transition
(we used the value of 3.99 J/cm? for LG760 from
Ref. 9), and the number of round trips. The model
calculates the time-dependent gain G(r,t) and irradi-
ance I(r,t) on each pass using Eq. (9). From these two
quantities, the model determines the power, energy,
and square-pulse distortion at the regen output, the
power and energy buildup in the cavity, and the spa-
tial and temporal gain saturation in the amplifiers. We
can then compare these model results with the data.

Comparisons of Model and Data

Figure 13 shows a measurement of output energy
from the regen as a function of round trips for a fixed
value of diode pump power. The measurement was
made over the full dynamic range of the regen, that is,
eight decades. Four different calorimeters were used to
cover the full range. When we were close to the upper
limit of one calorimeter, we repeated the measurement
with a less sensitive calorimeter and used reference
photodiodes as cross checks. The solid line in Figure 13
shows the model prediction for the input parameters
given in the caption. The radial dependence of the
mode in the rod must be included for the model to
replicate the slow rolloff in the energy after the gain
peak. The peak energy extracted is 22 m]J, correspond-
ing to 63% of the stored energy in the mode volume of
both amplifiers and consistent with the cavity trans-
mission that falls between 59 and 65%.

Figure 14 shows model predictions of output power
vs time for a pulse switched out of the cavity after 12
round trips. In Figure 14(a), we calculate an input
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FIGURE 13. Comparison between 2-D Frantz-Nodvik model and
data for regen output energy. Model parameters are G, = G, = 1.50;
round-trip cavity transmission T = 0.60; beam waist wy=0.80 cm,
and input energy E; =177 p].  (70-00-0298-0171pb01)

square pulse that is equal in energy and peak power to
the measured input pulse, and propagate that pulse
using our model. This procedure facilitates the calcula-
tion of square-pulse distortion (SPD). With only 79 pJ
extracted from the available 35 m], the gain saturation
is negligible, and SPD = 1.003. Figure 14(b) compares
the measured output pulse and the model output
using the measured input pulse as the model input.
The amplitude modulation on the real pulse appears at
both regen input and output and arises from mode
beating in the fiber master oscillator.

Figure 15 shows a 12.0-m]J output pulse switched
out of the regen after 17 round trips. We repeated the
comparison between the measured output pulse and
a modeled square pulse, and the measured input
pulse propagated through the model. We still find
good agreement between the model pulses and the
actual measured pulses, although they do not overlay
exactly as in the lower-energy pulse in Figure 14. The
output detector has a lower bandwidth than that of
the input detector, so there may be some distortion of
the sharper features. Comparing the square pulse out-
put to the actual output pulse, we see that the break
points at the peak of the pulse and in the dropoff por-
tion of the pulse agree in amplitude, so the value of
SPD = 1.54 is accurate.
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FIGURE 14. Model vs measured regen output pulse, where E; =
147 p], E = 79 Y, 12 round trips, G, = 1.495, G, = 1.50, cavity trans-
mission T = 0.60, and SPD = 1.003.  (70-00-0298-0172pb01)

Comparisons between the energy and power data
from the regen and the model shown in Figs. 13
through 15 demonstrate very good agreement. Our
goal was to develop a model that accurately predicts
the output power, energy, and gain saturation of the
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FIGURE 15. Comparison between model and data for a 12.0-m] pulse.
(a) Equivalent square pulse plus measured pulse. (b) Real pulse input to
model compared with measured output pulse: SPD = 1.54.
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NIF regenerative amplifier for a given set of inputs, and
to use this model to examine ways to improve the perfor-
mance of the regen. Features such as radial gain satura-
tion and temporal pulse overlap in the amplifiers were
added to the original, time-dependent saturation model
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to accurately reproduce the slow rolloff in energy out-
put after the peak, and to replicate the large amount of
temporal pulse distortion observed in the data.

Signal-to-Noise Measurements

The ability to control the temporal pulse shape,
hence pulse power of the laser system, resides in the
OPG up to the output of the regen slicer. The remain-
der of the laser system consists of large amplifiers that
can distort the pulse and add noise, but they cannot be
used to affect controlled changes to the pulse shape.
The noise added by the regen and MOR tend to set the
upper acceptable limit for the entire laser system; thus,
it is important that we measure and understand these
sources of noise. The original specifications for the
regen include a signal-to-noise ratio (S/N) of 10* for a
500-p] input and a prepulse contrast between 10° and
10° (Refs. 3 and 4).

To determine the S/N at the output, we measured
the noise power at the output photodiode with the
input seed blocked and unblocked. This technique
requires a detector that can accurately measure two
signals that differ in amplitude by 4 to 5 orders of mag-
nitude. We used a Hamamatsu vacuum photodiode
and calibrated neutral-density filters to provide a
known amount of attenuation. Figure 16 shows the
output power of the regen with the input seed blocked
and unblocked. An 18.6-m] pulse is switched out after
18 round trips, and the peak power of the 10-ns pulse
is 2.7 MW. When the seed is blocked, the output power

25 600
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drops to 160 W. The trapezoidal shape of this pulse
reveals the switching window of the regen and is the
shape of the noise pedestal atop which the amplified
seed pulse rides. This measurement technique under-
rates the S/N value because the seeded regen is satu-
rated, whereas the unseeded measurement is still in
the small-signal regime. With fewer round trips, we
cannot detect the regen output when the seed is
blocked.

To determine the noise-equivalent power (NEP) at
the input of the regen, we used our 2-D model. First,
we constructed a square pulse of equivalent energy
and peak power as the measured input pulse. We used
this pulse as an input to the model and propagated it
for the actual number of round trips, 18, that corre-
sponds to the data. We adjusted the values of single-
pass gain until we accurately reproduced the
measured output pulse. A comparison between the
measured and modeled output pulse is shown in
Figure 16(b). Next, we constructed a trapezoidal-
shaped input pulse to represent the noise pulse. We
used the same values of gain per rod and transmission
as required to reproduce the seeded output pulse, and
adjusted the input energy of the noise pulse until we
reproduced the measured output pulse shown in
Figure 16(b). Figure 16(a) compares the model input
pulses that were required to duplicate the measured
output pulses using the model. From Figure 16(a), we
obtained the energy and power S/N referenced to the
input of the regen. Here, S/N (energy) = 1.29 x 104,
S/N (power) = 1.75 x 10%, and the NEP at the input of
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FIGURE 16. (a) Model input pulses consisted of a 181-p] square pulse and 14-f] noise pulse. (b) Comparison between measured output

pulses and model results using the input pulses shown in (a).
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the regen is 460 nW. As expected, the power S/N refer-
enced to the input of the regen is larger than the ratio
obtained by measuring the power ratio of the output
pulses, where saturation must be considered.

To compare this measured noise value with the
fundamental quantum limit, we seeded our regen
model with a single spontaneous-emission photon
per cavity mode over the full emission bandwidth of
the laser transition in LG760. The noise energy E
is given by!?

hv hv L
Enoise = 7 Nmode = ?AVSE %@ ’

noise

(11)

where hv is the photon energy, N . is the number of
cavity modes, A is the spontaneous emission band-
width, L is the regen cavity length, and c is the speed
of light. The spontaneous emission bandwidth Avgg, for
LG760 corresponds to a FWHM of 20 nm. The number
of noise photons is reduced by one-half in Eq. (11)
because of the polarization selectivity of the cavity. To
compare the quantum-limited noise energy with the
measured value in Figure 16, we propagated the noise
input spectrum, given by Eq. (11) for 18 round trips,
using a Lorentzian-shaped gain spectrum for the
amplifiers

g(Vo)(A"Uz)z

(Avl/z)z + (v - vo)z

where the peak centerline gain g(v,) = 4InG = 1.62, and
AV, jp= DN jpe/ A2 is the FWHM of the exponential
gain spectrum of LG760 (here, A\, /= 20 nm; that is, it
is easier to think of bandwidth for broad spectral lines
in terms of nm rather than Hz). After 18 round trips,
the initially broad spectrum narrows to the 2.7-nm
amplified noise spectrum shown in Figure 17. To deter-
mine the noise-equivalent energy (NEE) referred to the
input, we divide the output energy by the total gain
from 18 round trips, where G, ., = (G*T)18 = 4.8 x 108.
The quantum-limited NEE, referenced to the input of
the regen, is 2.28 f] as shown in Figure 17. The quan-
tum-limited NEP for the trapezoidal-shaped power
pulse that is characteristic of the regen noise shown in
Figure 17 is 84 nW.

(12)

4

g(v)=

Gain Stability

Uniformity of target illumination, whether
hohlraum or spherical target, flows down to a
power-balance requirement for each of the 192
beamlines and, further, to the 48 PAMs. The current
requirement for pulse-to-pulse fluctuation out of a
preamplifier is 3% rms. This 3% value for the pream-
plifier output represents the total variation in output
for one beamline of the OPG and must further be
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FIGURE 17. Quantum-limited noise spectrum for the regen with
LG760 glass.  (70-00-0298-0175pb01)

apportioned to the various subsystems, including
the MOR, regenerative amplifier, and 4-pass ampli-
fier. One of the early motivations for developing a
diode-pumped regen was to reduce the pulse-to-
pulse gain variation that is observed in flashlamp-
pumped amplifiers.

To understand the source of fluctuations, we per-
formed a simple differential analysis and then mea-
sured the individual contributors. The variation in
output energy from the regen AE |, can be written as

AEout - AES +£ +kA_TC + zk(Agl + Agz) , (13)
Eou’c Es TS TC

where T, and T are the seed and cavity transmission,
respectively, Eg is the input pulse energy from the
MOR, k is the number of round trips, and g, and g, are
the single-pass exponential gains of the diode-pumped
amplifiers. These individual contributions to the over-
all variation in output energy of the regen can be
grouped into high- and low-bandwidth effects. Low-
bandwidth contributions include mechanical drift in
optical mounts, mechanical vibrations that cause fluc-
tuations in the polarization of the light emerging from
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the single-mode fiber, and thermal drift in the temper-
ature of the pump-diodes, causing a shift in the diode
emission wavelength. We have solved most of these
causes of slow drift of the regen output energy. For
example, variations in diode temperature have been
reduced by working with the manufacturer to improve
heat sinking in the diode package, and by using a
Nd:doped glass with a broader absorption spectrum
that is less sensitive to the small changes in the diode
wavelength. Higher-bandwidth contributions to gain
fluctuations in Eq. (13) include pulse-to-pulse varia-
tions in the diode-driver current or voltage, and fre-
quency chirp of the diode-emission frequency during
the diode current pulse.

To identify sources of faster, pulse-to-pulse varia-
tions in the regen energy, we set up diagnostics to
measure changes in those parameters that affect, or
are related to, the gain in the rod amplifiers. In one
experiment, we determined that the diode-current
spontaneous emission from the rods, along with the
regen output energy, all correlated on a shot-to-shot
basis with small fluctuations in the voltage gate that
controls the diode current. Figure 18 is a histogram
showing the variation in regen output energy for
3000 shots. The solid line is a Gaussian fit to the data
that yields a value of 1.4% for the rms variation of
the output energy. This value is well within the 3%
total variation for the preamplifier, but it does not
allow much margin for variation in gain of the larger
4-pass amplifier. We are currently investigating
ways to actively control the output energy of the
regen to reduce energy fluctuations to less than 1%
rms using high-bandwidth, feed-forward and feed-
back techniques.

Summary of Regenerative
Amplifier Performance

Table 2 is a summary of the measured performance
and operating conditions for the current regen proto-
type. For comparison, we include the specifications
derived from a flowdown of the entire laser system. In
all cases, the current design meets or surpasses the NIF
performance specifications.
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Conclusions

The diode-pumped regenerative amplifier is the
highest-gain laser system in the NIF laser chain. It
acts as a high-fidelity preamplifier to boost the out-
put pulses from the MOR to an energy level for
injection into the large laser power amplifiers that
form the rest of a NIF laser chain. Our current
design meets or surpasses all of the performance
specifications derived from a flowdown of the entire
laser system. Our principal activity in the near
future will be to combine this prototype regen with
the completed 4-pass amplifier and MOR in an inte-
grated OPG testbed, and to assemble a similar
regenerative amplifier in the first PAM prototype.
The OPG testbed will be operated for the next year
as a facility for demonstrating all performance
requirements for the NIF OPG system.
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